Introduction
Almost without exception, early publications on biological control provide definitions that use reduction in either 'density' or 'abundance' of the target pest as the yardstick of success. Examples include: (i) 'Utilisation of [natural enemies] for the regulation of host population densities ' (DeBach, 1964) ; (ii) 'Effective weed control implies reduction of the population densities of the weed below its level of economic importance'. (Andres and Goeden, 1971) ; (iii) '…the regulation by natural enemies of another organism's population density at a lower level than would otherwise occur'. (DeBach, 1974) ; (iv) '…the science that deals with the role that natural enemies play in the regulation of the numbers of…animal or plant pests'. (Wilson and Huffaker, 1976) ; (v) 'Biological control is the use of [natural enemies] to suppress a pest population, making it less abundant…than it would otherwise be'. (Van Driesche and Bellows, 1996) .
The basis of these definitions is a few early projects that resulted in spectacular declines in the density and abundance of the target plants [e.g. the use of Cactoblastis cactorum (Berg) against Opuntia stricta (Haworth) in Australia; Chrysolina quadrigemina (Suffrian) against St John's wort, Hypericum perforatum L., in California] and various projects against aquatic weed species. These 'overwhelming successes' established a reputation that biological control is a process that can replace all other control methods. In most upto-date publications, lectures and discussions, success continues to be equated with substantial reductions in densities of the target weed. A corollary is that projects are perceived as failures when weed densities do not decline, or do so only marginally. Unfortunately, many biological control programmes against weeds fall into this latter category.
More recently, pleas have been made to rationalize what is meant by success (e.g. Hoffmann, 1995; McFadyen, 1998; Briese, 2000; Fowler et al., 2000) and to develop 'more precise performance criteria for the role of biological control in weed management…' (van Klinken and Raghu, 2006) . While this needs to be done if biological control is to receive the recognition it deserves, it seems that 'old habits die hard' and that, in the main, biological control practitioners still hanker after agents that will all but eliminate their target weeds.
Ironically, one of the most 'successful' biological control agents of all time, C. cactorum, provides a useful example of how seemingly ineffective agents, in terms of conventional expectations, can provide very real benefits. In this case, the realization was a posteriori, but it nevertheless clearly demonstrates how 'success' in biological control need not be an all or nothing process.
O. stricta is a widespread weed in South Africa, with one of the most badly affected areas being the Kruger National Park (KNP), the flagship region of South African conservation, where the weed became naturalized during the 1950s. By the 1980s, the problem was out of control in spite of a protracted and expensive herbicide programme that had been in place for several years. In desperation and as a last resort, moves were made to initiate a biological control programme against O. stricta in KNP (Hoffmann et al., 1998a) . This biological control project was potentially straightforward because O. stricta had been controlled so superbly by C. cactorum in Australia (Dodd, 1940) . The moth was already well established on O. ficus-indica (L.) Mill. elsewhere in South Africa and was immediately available for introduction into KNP.
The release of C. cactorum in KNP during 1987 was greeted with much enthusiasm, fuelled by visible and impressive evidence of larval damage that became apparent over an ever-increasing area of the cactus invasion. The initial euphoria gradually waned as the extent of damage equilibrated at lower levels than were optimistically expected on the basis of the Australian precedents and the cactus remained abundant over a wide area. By 1993, most observers were disillusioned and some were openly critical of the biological control programme, considering it to have aggravated rather than contained, let alone alleviated, the problem. This scepticism and hostility to biological control was the catalyst for the initiation of a research project to quantify the impact of the moth and thereby determine whether or not there have been any benefits from its presence within KNP. The findings of the evaluation programme are presented here.
Methods
Details of the materials and methods used to accumulate the data presented in the results are given in Hoffmann et al. (1998a,b) . In essence, the numbers of C. cactorum colonies and of plants and fruits of O. stricta were monitored over a 9-year period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) . Measurements of the relative numbers of C. cactorum colonies, and of plant size and density were made in two different types of infestations: (1) an area were the cactus had been sprayed with herbicides a year before the initiation of the study (designated the 'treated' area); and (2) an adjacent area where no herbicides had been used (designated the 'untreated' area). The residual population of O. stricta in the treated area was sparse and consisted of small plants that had been overlooked during the herbicide treatment. In the untreated area, the plants were large (up to 2.5 m in height) and dense, forming clusters with 100% ground cover over several square meters.
Counts were made along permanent transects which were 100 m in length and 1 m wide. There were five transects in the untreated infestation and ten transects in the treated infestation. The size of the plants was recorded by counting the number of cladodes that made up each plant. To estimate the mean growth rate of undamaged plants, the sizes of individual plants (n = 67) that had not been colonized by C. cactorum was measured at the beginning and end of an annual growth cycle.
Results and discussion
In temperate regions, C. cactorum has two generations a year (a short summer one and a long winter one) but in the warm tropical climate of the KNP, the moth passes through two generations in summer and one in winter. Population levels of C. cactorum fluctuated both annually and seasonally ( Figure 1A ). In the treated infestations, the moth's abundance increased between 1993 and 1995 as the populations recovered from being reduced in numbers by the herbicides ( Figure  1B ), but there was no trend toward an overall increase or decrease in abundance of C. cactorum during the study period, 1993-2001. Despite the presence of C. cactorum, there was a steady increase in the density of O. stricta plants over the study period in both the untreated and treated infestations, increasing by fourfold and sixfold, respectively (Figure 2 ). During the same period, there was a substantial increase in the area of the research plots in which O. stricta occurred. In the untreated area, quadrat occupancy rose from 17.5% in 1993 to 45.4% in 2001, whereas in the treated area, it rose from 7.9% to 13.7% between 1993 and 2001, showing that the weed was dispersing in spite of damage caused by C. cactorum. The biomass of the cactus (measured as cladodes m -2 ) increased in both areas but at a much higher rate in the treated area (Figure 3) . Finally, fruit production in the infestations did not diminish as a result of the damage caused by C. cactorum (Figure 4) . Fruits have been a major concern because one of the immediate objectives in the management of the weed has been to curtail its long-range dispersal by preventing seeding and consequent spread via fruit-eating animals, mainly elephants and baboons.
When considered in the light of conventional definitions of success in biological control (i.e. reduction in density or abundance of the target weed), C. cactorum on O. stricta in KNP must rank as an outright failure. So how can the situation be perceived differently? One way is to ask 'What would the situation have been without any biological control?' and to use a simple spreadsheet model to estimate how much cactus there would have been if C. cactorum was not in the system.
The counts of cladodes on healthy, undamaged O. stricta plants in KNP showed that there is an annual increment of 1.8. This value can be used to calculate the expected increase in biomass of the cactus over a given time assuming absence of C. cactorum. Comparisons of expected and observed biomass over an 8-year period show that there is an escalating difference with time ( Figure 5 ), which is attributable to damage caused by C. cactorum. A substantial divergence accrues even when annual growth of the cactus is reduced to a factor of 1.6 each year (i.e. 90% of capacity). The comparisons show that the infestations of the weed were much less prolific than they would have been without biological control and, even though the problem was getting worse, the rate at which this was happening had been substantially curtailed by C. cactorum.
The reduction in growth rates due to C. cactorum took on special significance when biological control was integrated with herbicide treatment of the weed. The details of such an integrated programme are described by Hoffmann et al. (1998b) and Lotter and Hoffmann (1998) . Essentially the process entailed less frequent applications of herbicides and treatment of only the largest fruit-bearing plants while leaving small plants, which are difficult to locate, for C. cactorum. This procedure resulted in a substantial financial saving and enabled coverage of a greater area of the infested parts of the park with the same allocation of resources.
This study has shown that qualitative assessments that regarded C. cactorum as something of a failure were not justified. The key element in changing this misconception was to ask 'What would the situation have been without biological control?' rather than 'What has been achieved?' This approach forces the observer to consider scenarios of where the weed would be without biological control and therefore to look at the system from a different and more-telling perspective. In the case of C. cactorum, it has been possible to show, through careful evaluation over almost a decade that the moth was having a dramatic effect, even though the weed remained abundant in the presence of this agent acting alone.
More recently, the situation has changed dramatically with the introduction of a cochineal insect, Dactylopius opuntiae (Cockerell), into KNP. This step has resulted in a massive decline in the abundance of O. stricta in KNP (unpublished results) and the weed is now considered by everyone to be under excellent biological control. The situation continues to be monitored to confirm that this level of control is sustainable. The integrated control programme has been replaced by a fully fledged biological control initiative with cochineal being manually dispersed at every opportunity and herbicides no longer used. C. cactorum persists in the system and the interactions of the two agents are being monitored.
In spite of this recent drastic change in the status of O. stricta in KNP, the message remains that we need to get away from the perception that a reduction in density is the primary, if not the sole, requirement for success in biological control. In doing so, the status of many of our supposedly unsuccessful agents is going to change and biological control is going to be perceived much more favourably, both by ourselves, by the public at large and, perhaps most importantly, by the people holding the 'purse strings'.
